ABSTRACT: During fatty acid biosynthesis, acyl carrier proteins (ACPs) from type I fungal fatty acid synthase (FAS) shuttle substrates and intermediates within a reaction chamber that hosts multiple spatially-fixed catalytic centers. A major challenge in understanding the mechanism of ACP-mediated substrate shuttling is experimental observation of its transient interaction landscape within the reaction chamber. Here, we have shown that ACP spatial distribution is sensitive to the presence of substrates in a catalytically inhibited state, which enables high-resolution investigation of the ACP-dependent conformational transitions within the enoyl reductase (ER) reaction site. In two fungal FASs with distinct ACP localization, the shuttling domain is targeted to the ketoacyl-synthase (KS) domain and away from other catalytic centers, such as acetyl-transferase (AT) and ER domains by steric blockage of the KS active site followed by addition of substrates. These studies strongly suggest that acylation of phosphopantetheine arm of ACP may be an integral part of the substrate shuttling mechanism in type I fungal FAS.
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Type I fungal FAS forms a barrel-shaped complex composed of two reaction chambers. In Saccharomyces cerevisiae, the FAS1 and FAS2 genes produce a 230kDa β-and a 220kDa α-chain, respectively, that assembles into a heterododecamer of α6β6.
1,2
Six β-chains form the walls of the barrel while a central wheel, made by the six α-chains, bisects the barrel into two chemically identical reaction chambers. Each chamber is formed by the central α-wheel and three β-chains around a C3 axis of symmetry. The two chambers are related by C2 symmetry, making the complex D3 symmetric (Supplementary Figure 1A) . Therefore, each chamber has three complete sets of catalytic domains including three acyl-carrier protein (ACP) domains. ACP in type I fungal FAS is an 18kDa, eight helical domain with a four helical subdomain that is similar to the canonical type I metazoan and type II bacterial FAS ACP (herein refer to as canonical lobe) and an additional four helical subdomain (herein refer to as structural lobe). In the atomic resolution crystal structures of S. cerevisiae FAS, ACP is seen at the KS-binding site with both lobes of the domain contributing to the binding interface. 1, 2 ACP interacts twice with the KS domain during each catalytic cycle, unlike other catalytic sites where the mobile domain only interacts once 3 ( Supplementary Fig. 1A ). Therefore, it is speculated that ACP interaction with other reaction sites is more transient. The canonical lobe is posttranslationally modified with a phosphopantetheine moiety catalyzed by phosphopantetheinyl transferase (PPT) domain. 4 This reaction creates holo-ACP, which can covalently bind substrates and reaction intermediates allowing the fungal FAS to carry out the multi-step synthesis of palmitoylcoenzyme A. 3 Except for the PPT domain, all catalytic centers face the interior of the chamber.
Substrates are shuttled between the static reaction centers by the mobile ACP domain flexibly tethered at its N and C termini. A challenge in biophysical study of type I fungal FAS is experimental observation of the interaction landscape of the mobile ACP within the reaction chambers. In nearatomic resolution electron cryomicroscopy (cryoEM) maps of type I fungal and atomic-resolution cryoEM maps of type I bacterial FAS, ACP density is heterogenous as it samples multiple locations within the reaction chamber. [5] [6] [7] Therefore methods that can modulate localization of ACP within the reaction chambers of fungal FAS, may improve ACP visualization in experimental cryoEM or X-ray crystallography density maps. Here, we have experimentally probed for the ability to redistribute ACP, by stalling catalysis at the KS site in two type I fungal FAS.
We used cryoEM to reconstruct ab initio ACP densities inside the reaction chambers of endogenous fungal FASs from S. cerevisiae and the opportunistic pathogen Candida albicans in the Apo and KSstalled state, at 12 Å resolution, allowing localization of densities corresponding to this mobile domain ( Supplementary Figure 2A-D) . The ab initio ACP densities were generated using an ACP-less initial cryoEM density map that was generated from the ~3 Å resolution atomic model of S. cerevisiae Surface electrostatics have been previously speculated to be a steering force for ACP-mediated substrate shuttling based on molecular dynamic simulations. 8 Examining the surface electrostatics of ACP-KS-and ER-domains shows a strong surface charge complementarity between the structural lobe of ACP with the KS domain in S. cerevisiae ( Figure 1A ). However, the negative surface charge on KS domain is weakened in C. albicans due to alteration of some of the acidic residues that form the In both fungal FASs, weaker densities can also be seen proximal to other catalytic centers in the Apo state. In S. cerevisiae FAS, second strongest ACP density is observed at lower resolution and less stringent threshold of the AAI map that shows ACP near the apical region of the reaction chamber and facing the AT catalytic site (Figure 2A, Supplementary Figure 2D ). In the Apo state of C. albicans FAS, the second strongest density is in proximity of the KS domain that is only observable at lower resolution and threshold of the AAI cryoEM density map ( Figure 2B, Supplementary Figure 2D In type II bacterial FAS, where ACP is only composed of the canonical lobe, substrate loading state can modulate the affinity profile of a panel of ACP mutants toward KS protein and active-site specific cross-linkers have proven to be valuable tools to trap transiently formed ACP complexes with other catalytic proteins such as ER and dehydratase (DH). [9] [10] [11] [12] We therefore hypothesized that the loadingstate of ACP may modulate its interaction with the catalytic centers in the context of fully assembled type I fungal FAS and allow for redistribution of ACP toward a specific reaction site. Both endogenously purified enzymes are catalytically active (i.e. contain holo-ACP) and are sensitive to cerulenin, a covalent KS-inhibitor, as judged by monitoring NADPH oxidation at 340nm (Supplementary Figure 1B) . In the crystal structures of cerulenin-inhibited S. cerevisiae FAS, partial density could be seen for the inhibitor, which allowed model building for a portion of the compound. 13, 14 In both our activity assays and cryoEM samples, the FAS enzymes were pre-incubated with cerulenin prior to addition of substrates acetyl-and malonyl-CoA and NADPH to ensure KS site was inhibited prior to the start of the reaction (i.e. KS-stalled state). In our high-resolution cryoEM maps, we can see appearance of additional densities immediately above the catalytic cysteine of the KS-domain in the KS-stalled state suggesting covalent linkage between cerulenin and the KS catalytic residue (Supplementary Figure 4C) , which confirms our activity assay demonstrating inhibition of catalysis at the ketoacyl synthesis step (Supplementary Figure 1) .
Stalling catalysis at the KS domain drastically alters the ACP densities inside the reaction chamber of both fungal FASs, as judged by improved ACP density near KS domain and weakened ACP density by the AT-and ER-domains in S. cerevisiae and C. albicans FASs , respectively (Figure 2A and B) . In both FASs in the Apo state, the structural lobe of ACP has stronger and better resolved densities compared to the canonical lobe in the KS-binding site, as observed in the high-resolution refined maps ( Figure 2C) , suggesting a more stable interaction between the former and the KS-domain in the absence of substrates. In both species, the major improvement in cryoEM density of ACP at the stalled KS domain is observed at its canonical lobe ( Figure 2C ). These observations suggest a bimodal interaction between ACP and the KS domain, one mediated by the ACP structural lobe and the other by its canonical lobe, that may be modulated independently by the state of the ACP-and KS-catalytic sites. In the KS-stalled state, ACP is presumably acylated with acetyl or malonyl as it can not transfer the starting (i.e. acetyl loaded by AT domain) and elongating (i.e. malonyl loaded by MPT domain) substrates to KS from its phosphopantetheine arm. However, in our cryoEM maps of S. cerevisiae (where ACP density is better resolved in proximity of the KS domain relative to C. albicans), density for the phosphopantetheine arm at the KS-catalytic cavity can only be seen until the phosphate group (Supplementary Figure S7) , likely due to conformational heterogeneity of the moiety combined with ACP's transient interaction with KS. Therefore, we can not experimentally observe a complete density of the acylated phosphopantetheine and can only infer its acylated state based on the catalytic competency of the enzyme and its inhibition with cerulenin (Supplementary Figure 1B and 4C) . The observation that stalling catalysis at one site (i.e. KS) can affect ACP localization at other sites (i.e. AT and ER) in the presence of substrates within the context of the fully assembled reaction chamber strongly suggests that substrate loading state of the mobile domain may be a contributing factor in ACP-mediated substrate shuttling in type I fungal FAS.
With the ability to observe ACP at the ER and redirect this mobile domain to the KS, we focused on The histidine residue adjacent to FMN is proposed to catalyze proton transfer based on homology to FMN-dependent bacterial protein FabK. 17, 18 The loop hosting the catalytic histidine is highly conserved between S. cerevisiae and C. albicans ( Figure 3A) . Figure 8A) . Interestingly, in the S. cerevisiae Apo and KS-stalled states, where no ACP density can be seen by the ER domain, the catalytic histidine side chain is in a single conformation facing FMN ( Figure 3D and E). Weak NADPH density can also be seen in proximity of FMN in the KS-stalled S. cerevisiae FAS (Supplementary Figure 8B) . During catalysis, the enoyl group of the elongating fatty acid chain should come in proximity of the catalytic histidine to enable the reduction reaction. Based on these structures, the catalytic histidine in the ER domain of type I fungal FAS may sample alternative conformations to form a proton transfer bridge between FMN and the enoyl functional group of the elongating fatty acid chain when ACP is bound.
Structural knowledge on the interaction landscape of ACP within type I FAS and understanding the mechanism of ACP-mediated substrate shuttling are highly sought after in antibiotic development [19] [20] [21] and biofuel production efforts. [22] [23] [24] This study demonstrates that ACP interaction with a catalytic center can be modulated by stalling catalysis at another reaction site, suggesting that the loading state of ACP's phosphopantetheine arm may have at least a partial role in determination of ACP localization within the reaction chambers of type I fungal FAS. Future structural studies should systematically investigate ACP distribution upon inhibition of each reaction site in FAS (Supplementary Figure 1A) using site-specific inhibitors or point mutations in recombinantly expressed enzymes.
